The effects of nitrate supply on the composition (cell numbers, protein and chlorophyll contents) of flag leaves of winter wheat grown with two amounts of N fertilizer and of spring wheat grown in the glasshouse under controlled nitrate supply are described and related to photosynthesis. Nitrogen deficiency decreased the size of leaves, mainly by reducing cell number and, to a smaller extent, by decreasing cell volume. Protein content per unit leaf area, per cell and per unit cell volume was larger with abundant N. Total soluble protein, ribulose tophosphate carboxylase-oxygenase (RuBPc-o) protein and chlorophyll changed in proportion irrespective of nitrogen supply and leaf age. Photosynthesis per unit area of flag leaf and carboxylation efficiency in both winter and spring wheat were proportional to the amount of total soluble protein up to 7-0 g m~2 and to the amount of RuBPc-o protein up to 40 g m~2. However, photosynthesis did not increase in proportion to the amount of total soluble or RuBPc-o protein above these amounts. In young leaves with a high protein content the measured rates of photosynthesis were lower than expected from the amount and activity of RuBPc-o. Carboxylation per unit of RuBPc-o protein, measured in vitro, was slightly greater in N-deficient leaves of winter wheat but not of spring wheat. RuBPc-o activity per unit of RuBPc-o protein was similar in winter and spring wheat leaves and remained approximately constant with age, but increased in leaves showing advanced senescence. RuBPc-o protein from N-deficient leaves migrated faster on polyacrylamide gels than protein from leaves with high N content. Regulation of the rate of photosynthesis in leaves and chloroplasts with a high protein content is discussed. The conductance of the cell to the flux of CO 2 from intercellular spaces to RuBPc-o active sites is calculated, from cell surface areas and CO 2 fluxes, to decrease the CO 2 partial pressure at the active site by less than 0-8 Pa at an internal CO 2 partial pressure of 34 Pa. Thus the decrease in partial pressure of CO 2 is insufficient to account for the inefficiency of RuBPc-o in vivo at high protein contents. Other limitations to the rate of photosynthesis are considered.
INTRODUCTION
Photosynthesis produces assimilates, including nitrogen compounds and carbohydrates, which are required for growth of plants, for storage and for energy. The photosynthetic rate per unit area of leaf depends on the development and maintenance of the photosynthetic system including energy-transducing components (e.g. thylakoid membranes), on enzymes of the photosynthetic carbon reduction (PCR) cycle (e.g. ribulose 6isphosphate carboxylaseoxygenase RuBPc-o; E.C. 4.11.39) and enzymes of nitrogen assimilation (Farquhar, von Caemmerer, and Berry, 1980) . These components of chloroplasts must be matched by formation of other cellular components in sufficient quantity and activity to ensure flux of assimilates to other cellular processes and to other organs.
To achieve a rapid rate of photosynthesis, adequate amounts of photosynthetic components must be made. In agriculture, this is achieved by the use of nitrogen fertilizers which encourage the formation of large, long-lived leaves with large amounts of chlorophyll and RuBPc-o and other photosynthetic components per unit area. Leaves of wheat supplied with ample nitrogen fertilizer contain up to 18 g of soluble protein m~2 of leaf of which RuBPc-o forms some 50-70% (Evans, 1983; Lawlor, Boyle, Kendall, and Keys, 1987a) . Therefore, RuBPc-o is a major sink for nitrogen, especially when additional amounts are supplied in the form of fertilizers and manures.
Leaves with high nitrogen content have a greater maximum rate of net photosynthesis and higher carboxylation efficiency in bright light with limiting carbon dioxide supply than those deficient in nitrogen (Evans, 1983; Lawlor, Boyle, Young, Keys, and Kendall, 1987/?) . However, these photosynthetic characteristics increase curvilinearly with increasing levels of protein and consequently the rate of carbon dioxide assimilation per unit of nitrogen is lower in leaves with high nitrogen content than with low N content (Evans, 1983; Evans and Seeman, 1984) . Studies on rice (Makino, Mae, and Ohira, 1985) have yielded similar results to those with wheat, in that enzymes of the PCR cycle and chlorophyll are closely correlated and are regulated by nitrogen supply (Evans, 1983; Lawlor et ah, 1987a ) but photosynthesis does not increase in proportion to increasing protein content.
Despite the large amounts of RuBPc-o in leaves the enzyme may limit the rate of photosynthesis, because of its slow rate of reaction, particularly in bright light when ATP and NADPH synthesis by thylakoids is rapid (Farquhar et al., 1980; von Caemmerer and Farquhar, 1981) and it is subject to complex regulation. The capacity for photosynthesis may be limited by such factors as the rate of CO 2 supply or the diffusion of substances in the cell when the content of components (e.g. proteins and pigments) is high.
Maintenance of active photosynthesis by leaves, particularly the flag leaf, throughout the period of cereal grain filling is a major requirement for production of adequate carbohydrates to give large grains and high yields (Peoples, Beilharz, Waters, Simpson, and Dalling, 1980) . Also, amino acids are needed to form grain proteins, initially for the development of cellular structure but later for storage (Feller, 1986) . The amount and type of proteins are major determinants of grain quality. One source of amino acids is leaf protein, which is re-mobilized; an important consequence of this is a significant reduction in photosynthetic capacity, which may limit grain yield.
In this paper, we examine the relationship between nitrogen content, soluble protein, the amount and activity of RuBPc-o, cell size and the rate and efficiency of photosynthesis in crops of winter wheat grown with two different levels of nitrogen fertilizer in the field. Previous studies on wheat (Evans, 1983; Lawlor et al., 1987a, b) and rice (Makino et al., 1984 (Makino et al., , 1985 were made under controlled conditions. We compare data from winter wheat grown in the field with that from spring wheat grown with controlled nitrogen supply in a glass-roofed, open-sided enclosure.
MATERIALS AND METHODS

Plant growth
Winter wheat (Triticum aestivum L. cv. Avalon) was sown on 20 September 1985 at Rothamsted Experimental Station farm in a nitrogen-depleted soil (after an oat crop) with a basal fertilizer of 278 kg ha" 1 of 18% P 2 O 5 and 36% K 2 O (Thome, Prew, Penny, and Darby, 1987) . One treatment (-N) was given no nitrogen, the other ( + N) was given 200 kg N (as 'Nitrochalk') ha~' split into four equal dressings on 1 and 21 April, 19 May and 9 June 1986. In both treatments the flag leaf was fully emerged on 5 June and anthesis was on 20 June (-N) and 21 June ( + N). No pigment remained in flag leaves of the -N treatment on 1 August or of the + N on 7 August.
Spring wheat (Triticum aestivum L. cv. Kolibri) was sown in washed sand in 20 cm diameter pots on 20 June 1986 and thinned to 10 plants per pot after emergence. Plants were grown in widely-spaced arrays in an open-sided glasshouse. Three treatments were applied; 20, 1 or 0.1 mol m~3 NO 3 as 500 cm 3 of Hoagland's basic nutrient solution given three times weekly until the onset of flag leaf senescence; plants were watered as required throughout. Temperature during growth was warm compared to the field and flag leaf ligules emerged in the first week of August. Field crops were sprayed with insecticides and fungicides as described by Thome et al. (1987) . In the glasshouse, plants were kept free of aphid and fungal infections. Long and Hallgren (1985) discussed the principles and techniques upon which the measurements are based. Flag leaves were sampled from the field crops at weekly intervals; their sheaths were cut under water and the leaves transported to the laboratory where measurements started some 20 min later. Photosynthesis was measured on attached flag leaves of the potted plants. Rates of net photosynthesis (P n ) were measured in the laboratory using a 6-chamber open-circuit gas exchange system with automatic data handling. All measurements were on 50 cm 2 of the midlamina placed in the chambers, which had forced ventilation. Carbon dioxide partial pressure was controlled by a gas blender (Signal Instrument Co., Croydon, U.K.) and measured using an infra-red gas analyser (Mark III, Analytical Development Company, Hoddesdon, U.K.). Net photosynthesis was measured at different quantum fluxes of photosynthetically active radiation (PAR) from metal-halide photoflood lamps (Wotan, Philips, Holland), by placing neutral density wire mesh screens above the chamber glass window. Photon flux at the surface of each leaf was measured by sensors calibrated against a quantum sensor (Li-Cor Corporation, Nebraska, U.S.A.). Leaf temperature was measured with fine-wire thermocouples pressed to the lower surface of the leaf and was maintained at 20 ± 1 °C by adjusting the temperature of the chamber water jacket. Air in the chamber was humidified to maintain approximately 1-2 kPa water vapour pressure difference between leaf and chamber atmosphere. The humidity of the air before and after passage over the leaf was determined with capacitance sensors (Vaisala; U.K.).
Measurement of photosynthesis
After equilibrating leaves at c. 1 000 ftmo\ quanta m~2 s~" for 10 min, net photosynthesis was measured at 1500 /xmol quanta m~2 s" 1 , and CO 2 partial pressure of 34 Pa with 21 kPa O 2 and 79 kPa N 2 . When P n was constant, the response of photosynthesis to light was measured by reducing the photon flux to 800 /jmol quanta m~2 s~' and then progressively by 200 /miol quanta m~2 s~' steps to darkness. Photon flux was then increased to 1 500 ^mol quanta m~2 s~' and P n measured until it was within +20 /imol CO 2 m~2 s~' of the rate initially measured at that photon flux. Carbon dioxide was then increased to approximately 100 Pa and, when P n was constant, CO 2 pressure was reduced in steps to zero. This gave the response of photosynthesis to CO 2 . Intercellular CO 2 partial pressure (C ( ) was calculated from stomatal conductance (determined from the measurements of leaf water vapour exchange) and P n as described by Farquhar and Sharkey (1982) . The carboxylation efficiency was determined as the initial slope of the P n to C t response curve, over the range of 0-10 Pa CO 2 . The maximum rate of photosynthesis (P max ) was determined from the measurements at saturating CO 2 (> 50 Pa) and 1 500 /imol quanta PAR m~2 s~', or by assuming a Michaelis-Menten relationship and estimating P max from measurements made under non-saturating conditions.
Measurements of soluble protein and RuBPc-o protein amount and activity
Six flag leaves from each treatment were sampled in the morning on the days when gas exchange was measured, placed on ice and transported to the laboratory where they were subsampled for assay.
Soluble proteins were extracted from 0-5 g fresh plant material by grinding in a chilled pestle and mortar with 20 cm 3 of buffer containing 50 mol m~3 bicine, 20 mol m~3 magnesium chloride, 50 mol m" 3 mercaptoethanol and 10 mol m~3 Na 2 EDTA, pH 80 (adjusted with CO 2 -free sodium hydroxide) plus 20 mol m" 3 sodium bicarbonate, 002 g PVP and 3 drops of 40 mol m" 3 phenylmethyl-sulphonyl fluoride (PMSF). Homogenates were centrifuged twice at lOOOOxg for 4 min and the supernatants assayed immediately. Total soluble protein was determined by the Bradford method with BSA and purified RuBPc-o as standards. RuBPc-o protein in the extract was determined by a modified Laemmli method. Protein was separated by vertical polyacrylamide gel electrophoresis (PAGE) at 8 °C under nondenaturing conditions using a discontinuous buffer system. The stacking gel contained 4% polyacrylamide (degree of cross linking 2-6%) and 500 mol m" 3 Tris-HCl, pH 6-8 while the separating gels contained 6% polyacrylamide and 1-5 x 10 3 mol m~3 Tris-HCl, pH 8-8. An electrophoresis current of 20 mA was applied until the tracking dye (Bromophenol Blue) entered the separating gel and was then increased to 40 mA until the dye was 0-5 to 1 0 cm from the lower edge. Purified RuBPc-o protein, provided by Dr A. J. Keys, Rothamsted Experimental Station, was used as a standard.
Gels were stained overnight with 01% Coomassie Brilliant Blue R in water-isopropanol-acetic acid (65:25:10) and destained in water-isopropanol-acetic acid (65:25: 10) and then in 7% acetic acid. Bands co-migrating with the RuBPc-o standard were cut from the destained gels and extracted overnight (c. 18 h) at 40 °C in glass vials containing 1-5 or 20 cm 3 of 1% SDS solution; the concentration of RuBPc-o protein in leaf extracts was calculated from measurements of standards and unknowns at 585 nm in a spectrophotometer (Cecil Instruments, U.K.).
Enzyme assay, total nitrogen determination and cell size
RuBPc-o activity was assayed by determining 14 C incorporation into acid-stable material (Lorimer, Badger, and Andrews, 1977) . Each extract was assayed in duplicate after centrifugation at 20000 x^ (Airfuge, Beckman, U.S.A.) for 4 min. The assay was performed in 870 mm 3 CO 2 -free 100 mol m~3 Bicene buffer (pH 8-2 adjusted with CO 2 -free KOH) containing 20 mol m" 3 MgCI 2 mixed with 20 mm 3 33 mol m-3 RuBP and 100 mm 3 100 mol m" 3 NaH 14 CO 3 (Amersham International, Amersham, U.K.), specific activity 37 kBq mol"', in a rapidly stirred chamber (oxygen electrode, Hansatech Ltd., King's Lynn, U.K.) at 25 °C. The reaction was started by addition of 10 mm 3 of extract and a 100 mm 3 sample was removed after 30 s and mixed with 20 mm 3 10 N formic acid in a scintillation vial to stop the reaction. A second sample was taken from the original reaction mixture after 1 min and treated similarly. Samples were dried in an oven, cooled and 10 cm 3 distilled water and 10 cm 3 scintillation fluid (Scintran, BDH) added; 14 C was measured with a scintillation counter (Kontron, U.K.).
Total nitrogen in leaf material, dried at 80 °C, was determined by Dumas combustion in a Carlo-Erba Nitrogen analyser (Erba Science (UK) Ltd.) and calibrated with standards of known N content (determined by Kjeldahl). Total protein was estimated as total N multiplied by 6-25. Chlorophyll was measured by Arnon's (1949) method.
Average cell size was estimated from the fresh mass and number of cells determined in leaf samples from the mid-lamina of flag leaves. Tissue samples of known fresh weight were stored at 4 °C in EDTA buffer and then macerated in 5% w/v chromic acid at room temperature for approximately 16 h before dispersion of cells in a mixer (Ultraturex, Janke & Kunkel, West Germany) for 1 min. The suspension of cells was filtered through a 106 x 10" 6 m mesh to remove large debris. Separation of the cells was checked visually and cells were counted on a particle counter (model ZM, Coulter Instruments Ltd., U.K.). Cell volume was computed from cell number and fresh weight of the tissue sample, corrected for the amount of fibre and water content of the xylem (total correction c. 8% of fresh weight). Cell radius and surface area were computed assuming that the cells were spherical. However, as mesophyll cells of wheat leaves are elongated, rectangular and multi-lobed, a correction for cell shape has been made using the dimensions for hexaploid wheat described by Parker and Ford (1982) ; the dimensions obtained from their data gave a ratio of length: height: width of 5 : 3:1. 
RESULTS
Photosynthesis
For leaves of winter wheat grown in the field, the rate of net photosynthesis (P n ) at all values of CO 2 partial pressure inside the leaf (C t ) was higher ( Fig. 1) in the +N than -N treatments. Both carboxylation efficiency (initial slope of the curves) and the maximum rate of photosynthesis (/"max) were affected. Photosynthesis at 34 Pa and 50 Pa Q was larger (Fig. 2a) throughout the life of the flag leaves in + N compared to -N treatments. In midJune the decrease in P max caused by lack of N was c. 25%, and in mid-July it was 75%. Photosynthetic rates decreased slowly from early June to early July (Fig. 2a) but more rapidly thereafter and CO 2 assimilation stopped earlier with the -N than with the +N treatment. Carboxylation efficiency (Fig. 2b ) was also greater with the + N treatment throughout the period and decreased in proportion to the decrease in -P max . The response of photosynthesis to C i by flag leaves of spring wheat varied with N supply and leaf age similarly to that of winter wheat. The P max of spring wheat flag leaves was greater (Fig. 3a) throughout their life with the 20 mol m~3 NOj supply than with 10 and 01 mol m~3 NOf treatments which were similar. Carboxylation efficiency (data not given) was lower in the leaves of plants grown with 10 and 01 mol m~3 NOf compared to 20 mol m~3 NOj.
Soluble protein, chlorophyll and nitrogen content
For field grown Avalon winter wheat, levels of proteins and chlorophyll per unit area of leaf were higher in the + N than the -N treatments (Fig. 4b cf. 4a ), but loss of total soluble proteins started at about the same time in both. Complete loss of total soluble protein occurred about one week later in plants grown in the + N treatment than in the -N-treated plants. Spring wheat leaves contained about 2-5 times more soluble and RuBPc-o protein with 20 mol m~3 nitrate supply (Fig. 3b) than with 10 mol m~3 nitrate, which in turn contained approximately 25% more than leaves from the 01 mol m- Chlorophyll amount per unit area of winter and spring wheat leaves changed in proportion to the soluble protein in all treatments, the relationship being as follows: chlorophyll (g m-2 ) = 010 + 0056 (± 0006) x soluble protein (g m~2).
Nitrogen content per unit leaf area was strongly correlated with total soluble protein in flag leaves in both winter (Fig. 5a ) and spring wheat. Percentage N in dry matter was also strongly correlated with total soluble protein (not shown). In winter wheat the leaves from the +N treatment contained more soluble protein than those from the -N at a given N content.
Amount of extracted RuBPc-o protein and total RuBPco activity was lower in winter wheat grown under -N compared to +N treatment ( Fig. 4a-c) . Amounts of RuBPc-o protein in spring wheat (Fig. 3b) were similar to those in winter wheat, representing approximately 50% of the total soluble protein, and decreasing in parallel with total soluble protein ( Fig. 5b ) during leaf ageing and with different N supply. Total extracted activity of RuBPc-o (Fig. 4c ) from winter wheat leaves grown in the field was much greater in flag leaves grown in the +N than -N treatments, but decreased with time for both treatments, although the + N-treated leaves retained activity for approximately 5 d longer. Activity of RuBPc-o was closely correlated with the amount of RuBPc-o protein in the older leaves but not in the younger leaves, where activity was greater relative to the amount of protein per unit leaf area (Fig.  4c, cf. Fig. 4a, b) . The RuBPc-o activity per unit area of spring wheat leaves grown with 20 mol m~3 NOj was always substantially greater (Fig. 3c) than that from leaves grown with 10 or 01 mol m~3 NOj.
The activity of RuBPc-o per unit of RuBPc-o protein (the specific activity) was calculated in order to examine how the N treatments affected the catalytic ability of the protein. In winter wheat, the measured specific activity (Fig. 6 ) was generally greater in the +N than in the -N grown flag leaves except during late senescence, when the estimation of protein amount and activity was more difficult and, therefore, more variable. However, activity per unit of protein nearly always increased during late senescence. The calculated specific activity of RuBPc-o (/> max /RuBPc-o amount) was substantially lower than the measured activity in young leaves, but the two activities were similar in older leaves.
Mobility in gels of the native RuBPc-o protein from winter wheat leaves under all treatments was always faster than that of the standard RuBPc-o protein; however, the protein from the -N treatment migrated faster than that from the +N treatment until the leaves were becoming senescent, when mobility of the +N treated protein increased rapidly, reaching a similar level to that of the -N treatment.
For spring wheat leaves, RuBPc-o activity per unit of soluble and RuBPc-o enzyme protein was similar (data not given) to that measured in winter wheat and was constant over the life of the flag leaf; under the 20 and 10 mol m~3 NO^" treatments the mean specific activity was 17 9 and 160 ^mol CO 2 g" 1 RuBPc-o protein s" 1 respectively, at 20 °C. The specific activity of RuBPc-o from the 01 mol m~3 NOj treatment increased as the leaf aged, giving a mean value of 18-6 ^mol CO 2 g" 1 RuBPc-o protein s -1 .
Relationship between photosynthetic rate, carboxylation efficiency and protein
The in vivo capacity for photosynthesis in relation to the RuBPc-o protein was calculated from measured P max and amounts of RuBPc-o protein per unit area of leaf. As protein was lost from winter wheat leaves with age, the maximum efficiency of photosynthesis per unit of protein increased from 53 to 7, 8-7 and 10 /miol CO 2 g~' s~' as protein content decreased from about 7 to 5, 3 and 1 g m-2 (calculated from data of Figs 2 and 4) . Spring wheat grown with 20 mol m~3 nitrate also had an efficiency of c. 5 and 11 /imol CO 2 g-1 RuBPc-o protein s~' at 7 and 2 g m~2 protein, respectively.
The carboxylation efficiency per unit of RuBPc-o protein was also lower with high protein content in younger compared to older leaves of winter wheat, about 0-3 compared to 0-6 ^mol CO 2 g" 1 RuBPc-o s~' Pa" 1 at 5 and 2 g protein m"
2 , respectively. Carboxylation efficiency per unit of protein in spring wheat increased with decreasing protein content and was about 15% lower than in winter wheat at similar protein content, but the differences were not statistically significant.
Leaf and cell characteristics
Both area (Table 1) and fresh weight per leaf of fieldgrown Avalon winter wheat increased approximately 2-fold with the + N treatment, so that the ratio of area to fresh weight was only 10% greater despite the very large differences in leaf size. Cell number per unit leaf area increased by approximately 20% in -N treatments because the cells were about 30% smaller. In Kolibri, effects of nitrate supply were extreme (Table 1) . Leaves given 01 mol m~3 nitrate were very small, mainly due to a marked decrease in the number of cells, but also to a substantial reduction in cell size. Cell number per leaf and the 
DISCUSSION
The photosynthetic rate of leaves depends, in part, on the amount and catalytic properties of RuBPc-o, on the partial pressures of CO 2 and O 2 at its active sites, and on the supply of RuBP as a substrate for carboxylation (Lawlor, 1987) . Nitrogen supply modifies leaf and cell composition, including protein content (Evans, 1983; Makino et al., 1984 Makino et al., , 1985 , which ultimately determines assimilation rate; therefore, the structural changes caused by differences in nitrogen are discussed before regulation of CO 2 fixation.
Leaf and cell characteristics in relation to nitrogen supply
The much greater area of flag leaves of winter and spring wheat grown with abundant nitrate was due to there being more cells per leaf (Table 1) , presumably as a consequence of the stimulation of cell division and/or maintaining cell viability. Nitrate also increased cell volume, but to a lesser extent than cell number. Consequently, the number of cells per unit area of leaf is greater in N-deficient than in N-abundant treatments. As smaller cells have a larger surface-to-volume ratio and hence wall-to-volume ratio, a greater ratio of cellulose-to-water is to be expected. The lower ratio of fresh to dry weight of N-deficient leaves grown in a normal atmosphere may be related to such changes in cell morphology.
During photosynthesis, carbon dioxide diffuses from the intercellular spaces across the cell walls and membranes to the chloroplasts; therefore, the ratio of mesophyll cell surface area to leaf plan area (A mes /A leaf ) IS an important component of the diffusion pathway (Raven and Glidewell, 1981) . The calculated ratio for the two wheat varieties under different conditions is 16 to 25 (assuming spherical Parker and Ford (1982) , who estimated cell volume (using a different technique) to be half that which we observed. Deane and Leech (1982) also calculated a much smaller ratio of cell/leaf surface area. Our estimate of volume assumes that the fresh weight is distributed uniformly throughout the cell population, which is counted from chemically separated mesophyll tissue, and that wheat cells are spherical. Parker and Ford (1982) showed that the cells are multilobed and not isometric; using the dimensions they measured for T. aestivum, we calculate that the surface area/volume ratio is 1 -7 times greater than that of a sphere. Rice leaves are affected by nitrogen supply similarly to those of wheat, but their mesophyll cells are smaller, with ^m es /^ieaf rat i° of 31 to 44 (Tsunoda and Khan, 1968) , about 1-5 to 2 times greater than our data for spherical cells, but similar to the values we calculate for multilobed wheat cells. For estimates of CO 2 fluxes into cells, better estimates of cell number, cell volume and cell surface area are needed. These characteristics have important implications for the flux of CO 2 into the cell, which will be discussed later.
Nitrogen deficiency substantially decreased soluble and RuBPc-o protein in the wheat varieties; both amount per cell and per unit of cell water were 60-70% lower over the range of N-treatments (Table 1) . At very low tissue nitrogen levels in very old winter wheat flag leaves, the N content is equivalent to a 'residual' protein content (calculated) of about 30 g m~2, suggesting that N-deficient leaves have a relatively high structural protein content, but differential extraction of soluble proteins from leaves of different composition cannot be excluded.
Determination of the factors limiting CO 2 assimilation in mesophyll cells requires an understanding of size and distribution of chloroplasts within the cell, as these affect the transport of CO 2 and metabolites. We did not measure chloroplast numbers but Deane and Leech (1982) and Pyke and Leech (1987) showed that plastid numbers are relatively constant and related to cell volume; for hexaploid wheats the average chloroplast number per cell is 133 (Deane and Leech, 1982) . However, nitrogen does influence the number of chloroplasts per cell; the range in hexaploid wheat is 110 to 150 (mean of 133) for plants supplied with 0 to 12 mol m~3 NOj, respectively. Assuming 133 chloroplasts per cell, the RuBPc-o protein content per plastid is 5-6 x 10" 12 g and 16-2 x 10~1 2 g in -N and +N winter wheat leaves. The range in spring wheat is from 2-8 x 10-12 g to 33 x 10-12 g RuBPc-o protein per plastid. Deane and Leech (1982) calculated a value of 16-8 pg per plastid in T. aestivum. These large differences in protein content with different nitrate treatments imply differences in chloroplast volume and dimensions and, perhaps, in the density of protein within the plastid.
Protein, pigment and leaf age
Amounts of total soluble and RuBPc-o protein, chlorophyll and N content per unit leaf area wereclosely correlated in leaves of both winter and spring wheat with treatment and age. They were greatest at full leaf expansion, started to decrease in all treatments at about the same time, and were almost zero at senescence which was a week earlier in the -N treatment. These phenomena have been observed in many species (Feller, 1986 ) and suggest there is controlled breakdown and remobilization of cell constituents which may be related to demands for N by the developing grain; most of the flag leaf N contributes to grain N. In our crops of winter wheat the percentage N in dry matter was 1-6% and 21%, and grain yields were 403 and 9-06 t ha" 1 (at 85% dry matter) for -N and +N treatments, respectively. As little extra N was taken up by the crop after anthesis in either -N or +N treatments, yet 53 and 162 kg N ha" 1 respectively entered the grain; the contribution of flag leaf N to grain is c. 20% in +N and 14% in -N crops.
Photosynthetic rate and proteins
Spring wheat leaves grown in semi-controlled conditions had a lower photosynthetic rate than those of field-grown winter wheat, when measured under similar conditions, for a given amount and activity of RuBPc-o. The differences may be associated with changes in components of the photosynthetic system other than RuBPc-o protein amount or activity.
In winter wheat, the relation between net photosynthesis and the amount and total activity of RuBPc-o is strongly curvilinear (Figs 7a, b) . Photosynthesis (^^J is not closely related to RuBPc-o protein when the amount is above 4-0 g m~2, equivalent to 7-0 g of soluble protein m" 2 , and c. 3-5% N in leaf dry matter or 20 g total N m" 2 . Spring wheat also had a lower rate of CO 2 fixation per unit of nitrogen at high N content. The marked inefficiency of CO 2 assimilation per unit of protein (50% less than with deficient N), particularly for leaves grown with much N fertilizer, and which have just achieved maximum size, is an important phenomenon observed in wheat flag leaves (Evans, 1983) and third mainstem leaves (Lawlor et al., 1987a) , and in rice (Makino et al., 1984 (Makino et al., , 1985 . The small calculated specific activity of RuBPc-o in vivo contrasts with the measurements in vitro where specific activity of RuBPc-o from flag leaves with ample N is greater than that from N-deficient leaves. Thus the low efficiency of carboxylation in such leaves cannot be explained by protein characteristics.
Calculation of potential photosynthetic rate from RuBPc-o activity
The potential CO 2 assimilation rate was calculated using the model of Farquhar et al. (1980) , employing the measured amounts and activities of RuBPc-o shown in Figs 3 and 4, assuming RuBP saturation of the enzyme sites and using the enzyme kinetic constants given below. Calculating net photosynthesis (P n ) from: FIG. 8. Calculated photosynthetic rates, derived according to Farquhar et al. (1980) and von Caemmerer and Farquhar (1981; see text) , in relation to the measured rates for winter and spring wheat flag leaves from plants grown under the conditions described in Fig. 7 (Jordan and Ogren, 1984; Farquhar et al., 1980; Farquhar and von Caemmerer, 1982; Makino et al., 1985) .
Calculated assimilation rates are almost twice those observed (Fig. 8) at the highest protein contents measured in leaves at maximum expansion, but in leaves of lower protein content they are similar. Allowing for dark respiration (Farquhar et al., 1980) decreased the calculated photosynthesis and in leaves with little protein, RuBPc-o activity was less than required for the observed rate. The differences are small given the assumptions and derivation of parameters.
Limiting factors in assimilation
Calculation of the potential rate of photosynthesis assumes that RuBP synthesis is not limiting, so we conclude that at low protein levels RuBP supply to the enzyme allows carboxylation close to the potential rate. However, several reasons may be advanced to explain the inefficiency of photosynthesis in the presence of high levels of protein.
(1) Small conductance (g) for CO 2 diffusion from the intercellular spaces to the RuBPc-o active sites in the chloroplast stroma Diffusion of CO 2 has been suggested as a major ratelimiting step in assimilation. Evans (1983) calculated that g was sufficient to cause depletion of CO 2 at the carboxylation sites and to decrease carboxylation efficiency and introduce curvilinearity into the relation between P n and protein amount. However, Makino et al. (1985) could not substantiate this in rice as the decrease was only 18-20 /ibar (approximately 20 Pa) at Q of 340 /ibar (34 Pa). The discrepancy may arise from the much larger A mes IAi ea f ratio in rice. Our data for wheat also do not suggest that g limits assimilation. We have calculated the decrease in CO 2 at the chloroplast using g derived by Raven and Glidewell (1981) and also g derived by Evan's (1983) technique of a double reciprocal plot of RuBPc-o activity versus the initial slope of the carboxylation reaction. Our estimate of conductance is 0-20 mol m~2 s" 1 bar" 1 (20 /imol m" 2 s" 1 Pa-1 ) compared to 0-49 mol m~2 s" 1 bar" 1 according to Evans. Taking the calculated value of g and the measured P n , the minimum CO 2 partial pressure at the chloroplast is only 0-8 Pa below Q at 34 Pa. If the higher A mes /A leaS ratio for non-spherical cells is used, the CO 2 flux rate per unit of mesophyll surface drops from 1 -5 to approximately 0-9 /imol CO 2 m~2 s -1 and depletion is smaller. There is, therefore, no large effect of conductance across the cellular membranes on Pn in agreement with Makino et al. (1985) .
(2) Limitation by RuBP supply
Photosynthesis may be limited by slow regeneration of RuBP which could arise from inadequate ATP or NADPH synthesis or inadequate levels of enzymes of the PCR cycle. However, with the strong proportionality between RuBPc-o, other PCR cycle enzymes and chlorophyll (Lawlor et al., 1987a) , the supply of RuBP is expected to match the activity of RuBPc-o. Makino et al. (1985) considered that RuBP did not limit assimilation in rice. Analysis of RuBP production and its relation to enzyme activity is required.
(3) Diffusion rates
Diffusion of small molecules in the cytoplasm is between 2 and 5 times slower than in water and the distance between the thylakoid surface and the periphery of the chloroplast increases with increasing protein content (MacNab, Lawlor, and Baker, unpublished data). Therefore diffusion of RuBP to the RuBPc-o active sites may limit assimilation at the very high concentrations of protein (% 300 kg irr 3 or 0-6 mol m-3 ) that exist in the chloroplast stroma. Our data do not allow further analysis of this potentially important regulatory process in photosynthesis.
In conclusion, abundant N supply increases cell number, cell size and the protein and pigment content of leaves. The rate of photosynthesis of wheat flag leaves grown with an abundant NOj supply in the field and under controlled conditions is substantially lower per unit of protein at high protein levels than at low ones. RuBPc-o protein is active in vitro but substantially less effective in vivo. Calculated conductances to CO 2 are insufficient to account for the decreased CO 2 partial pressure at the enzyme active site. RuBP supply to the enzyme may limit assimilation, either due to inadequate synthesis or slow diffusion to the enzyme. As leaves age, loss of RuBPc-o and other proteins and chlorophyll limit photosynthesis.
